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Abstract 
A variety of factors affect the overall performance of the material within pavement 
structure, with moisture content susceptibility being recognized as one of the most 
important factors that is known to directly affect the resilient modulus of granular base 
layer materials and consequently the overall performance of pavement structures. While 
the effect has been widely investigated for virgin aggregate, more limited research has 
been undertaken to quantify the effect of various moisture conditions on base layer 
materials containing reclaimed asphalt pavement (RAP) material. The present study 
aims to examine the effect of moisture on the resilient modulus of base layer materials 
containing RAP and a direct comparison to a virgin aggregate is presented, in order to 
identify potential variations in performance. Specifically more in depth information is 
provided regarding the sensitivity of RAP to variations in moisture conditions. Resilient 
modulus determination was performed, via laboratory triaxial testing on materials with 
varying RAP percentages and moisture contents and compared to the behavior of a 
course grained virgin aggregate material under similar conditions. For the current 
research the investigated RAP material exhibited modulus values that are equivalent or  
exceed those  of a virgin aggregate utilized for base material at OMC and below. More 
details outlining the variations in modulus under various loading conditions are 
presented. 
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1 Background and Objectives 
As virgin aggregate becomes increasingly difficult to source and more costly to implement, 
alternative base layer materials are becoming increasingly more attractive to investigate and implement 
as a base layer material for pavement structures. The suitability of these materials needs to be 
investigated before being accepted to be utilized as a replacement to virgin aggregates in the base layer 
of pavement structures. In order to be accepted the material needs to be investigated and their 
performance characterized. Reclaimed Asphalt Pavement (RAP) is the material that has been milled, 
removed, potentially reprocessed and consists of the remaining asphalt and aggregates from a 
pavement previously in service. RAP consists of   high quality, well graded aggregates coated with 
asphalt, when properly screened and crushed (FHWA, 1997). Ageing road infrastructure in need to be 
repaired, rehabilitated or fully replaced means that RAP material is becoming increasingly more 
available., This fact in combination with existing virgin aggregate becoming more difficult to source 
and more costly to implement, alternative pavement layer materials are becoming increasingly more 
attractive to investigate. The use of RAP  conserves energy, lowers transportation costs required to 
obtain quality virgin aggregate, and overall preserves valuable resources (Copeland, 2011). These 
factors lead to both economic and environmental benefits which are vital aspects in today's 
construction environment. 
The material though widely accepted to be utilized in asphalt concrete layers of the pavement 
structure where according to Copeland (2011) it is most commonly used as an aggregate and virgin 
asphalt binder substitute in recycled asphalt paving. Though widely implemented in the asphalt 
concrete layer(s) according to Bennert et al (2000) despite the current recycling efforts, RAP stockpiles 
in areas continue to grow in size, and as a consequence, additional uses for the excess material need to 
be considered. One additionally usage is that RAP can also be potentially be more widely utilized in 
the granular base layer. The material is currently implemented by a limited number of road authorities, 
with wide discrepancies concerning it's potentially viability as a base layer s material equivalent to 
virgin aggregate material in regards to its mechanical characteristics.  
In Bennert et al (2000) it was noted that 100% RAP specimens have higher stiffness, higher 
resilient modulus values, and lower shear strengths than dense-graded aggregate base course 
specimens. On the other hand McGarrah (2007) after  preliminarily examining practices regarding 
RAP in unbound base applications  concluded that 100% RAP does not produce a product of adequate 
base course quality and should not be allowed. Various other research studies have settled on mixing 
virgin aggregate with RAP as a compromise to reach desired mechanical properties (Attia and 
Abdelrahman, 2010; Kim et al., 2007; Guthrie et al., 2007; Kim et al., 2007b). Both the allowed 
percentage of RAP allowed in base layers, as well as more basic knowledge related to its suitability for 
usage in base layers are not currently well defined and researched.  Research for example is limited 
and knowledge is still being developed regarding the strength behavior and characteristics of RAP 
materials in regards, to traditionally utilized virgin aggregates for the base course.  Though various 
testing methods are available to test the strength characteristics of base course materials, including the 
traditional CBR method, the resilient modulus testing method  is rapidly gaining acceptance, due to 
the increased information it can provide regarding the behavior (Uzan, 1985) of the material in a more 
representative set of conditions when compared to more traditional methods. The property is utilized 
for example in the Mechanistic-Empirical Pavement Design Guide (MEPDG) (NCHRP, 2004). 
The resilient modulus (Mr) is multi-faceted property that can more fully define the structural 
capacity of unbound base layer materials for pavement design and analysis purposes. It is a commonly 
conducted laboratory procedure to characterize the stiffness and elasticity responses  of the base  layer 
material (Huang, 1993). Two of the factors affecting the Mr include the state of stress and the moisture 
content of the material. Current research data exists concerning these factors on more commonly 
utilized virgin aggregates, while a more limited set of research is available to understand the effect of 
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these factors in base layer materials containing RAP. The interdependence of these two factors is an 
important area of research in order to be able to understand the performance of the material under the 
various conditions in will be subject to during its service life. 
Kim (2007) while investigating RAP materials concluded that specimens with 65% OMC were 
stiffer than the specimens at OMC, but provided no data concerning behavior above OMC. Attia and 
Abdelrahman (2010) provided more information regarding the effect of moisture content on materials 
containing 50 and 100 % RAP at OMC, plus and minus 2%.  Noureldiun (2014) examined the effect 
moisture content percentage above and below OMC had on the parametric analysis of the variable 
utilized to model the modulus of base materials containing various percentages of RAP.  Most other 
recent research regarding RAP and the resilient modulus are focused on testing at OMC. This however, 
may lead to incorrect assumption about the sensitivity of this material to changes in moisture contents. 
For this reason it was considered necessary to further investigate the Mr sensitivity to moisture 
variations. 
In light of the above the present study aims to examine the effect of moisture on the resilient 
modulus (Mr) of a base layer materials containing RAP. A direct comparison of RAP to a virgin 
aggregate is also provided, in order to identify potential variations in performance.  
2 Materials Tested 
2.1 Types of Materials 
RAP - In order to  retrieve RAP material for testing material collected from a section of existing 
highway, where the material was removed via a Wirtgen cold milling machine. Material was 
appropriately collected and transported to the laboratory for further testing. The collected material was 
initially inspected to remove any remaining large conglomerates of materials and was partially graded. 
Virgin Aggregate - The virgin aggregate was also collected along a new section of the same 
highway project. The aggregate was a well graded crushed aggregate to be utilized as a base layer 
material for the project. 
RAP/Virgin Aggregate - A combination of the previously mentioned materials was combined at a 
50/50 ratio by weight. The material was a combination of the two previously mentioned materials. 
2.2 Physical Properties of Materials 
A sieve analysis was performed on the three materials and the gradation curves are shown in 
Figure 1. The data showed (Table 1) the RAP was categorized according the Unified soil classification 
system (USCS) as a well graded gravel (GW) while  the virgin aggregate material was also 
categorized as well graded gravel (GW). According to the AASHTO Soil Classification System all 
were categorized as A-1-a granular materials. 
 
Figure 1: Gradation of evaluated materials 
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Property RAP Virgin Aggregate 50/50 Material 
USCS GW GW GW 
AASHTO classification A-1-a A-1-a A-1-a 
Asphalt content 4.2 NA 2.1 
Table 1: Material Properties 
2.3 Optimum Moisture Content 
In order to determine the optimum moisture content the compaction of the mentioned materials was 
performed utilizing the appropriate standard  The samples were compacted via the modified proctor 
procedures with  compaction mold dimensions 120mm for height and 150mm for the diameter.  The 
hammer weight was equivalent to 4.5 kg and was dropped from a height to fall distance of 457 mm. 
The materials were compacted in five separate layers with 56 distributed blows per layer as per the 
related standard. 
The materials were compacted at a variety of moisture contents for each of the three materials in 
order to determine the corresponding relationships between moisture content and dry density of the 
materials.  Figure 2 below outlines the three materials. For the RAP material the optimum moisture 
content (OMC) was 4.1% and the maximum dry density (MDD) 2079 kg/m3. For the 50/50 material 
the optimum moisture content (OMC) was 5.9% and the maximum dry density (MDD) 2225 kg/m3. 
For the virgin aggregate material the OMC was 5.5% while the MDD was equivalent to 2245 kg/m3. 
 
Figure 2: Moisture content vs. dry density 
The compaction of the RAP materials was more difficult due to the permeability and limited 
moisture retention of the material causing drainage from the mold with increased moisture. The 
achieved dry density of the RAP material was 93% of the investigated virgin aggregate. 
3 Research Methodology 
In total 40 samples were prepared in the laboratory at the various moisture contents and materials 
in order to preliminarily test the various materials and the effect moisture content exerts on the 
resilient modulus of the materials under investigation. Material with RAP are to be compared to a 
virgin aggregate in regards to resilient modulus in order to determine the suitability of the material in 
road bases with a direct comparison to the virgin aggregate. The materials were prepared and tested 
immediately after preparation to ensure moisture conditions were regulated. 
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3.1 Sample Preparation 
The material to be prepared for testing was dried, the appropriate water was added to achieve the 
desired moisture content and was thoroughly kneaded to ensure  mixture. The samples were allowed 
to cure for 16-24 hours and were then available for sample preparation. 
The material for compaction was utilized to prepare samples for Resilient modulus (Mr) testing 
with the vibratory hammer implemented for the compaction of the materials. The samples were 
compacted in a split mold, lined with a rubber membrane  in 6 near equivalent lifts. The prepared 
sample was encase in porous stone platens both on the bottom and top of the sample.  After the 
compaction of each lift to the calculated height, the upper surface of the lift was scored with a spatula 
to ensure cohesion between each successive lift. The final dimensions of the prepared samples were 
150mm in diameter by 300-305 mm in height. 
3.2 Sample Testing 
The prepared samples of the RAP materials and the virgin aggregate were now available to be 
tested in the Mr testing apparatus. The prepared samples were removed from the split mold ensuring 
the rubber membrane was intact and then placed within the Triaxial chamber. Two external linear 
variable transducers (LVDT's) placed on the sample were utilized to measure the axial deformation 
during testing with the  resilient modulus being based upon the average of the two LVDT's.  
The testing sequence for unbound granular base materials consisted of an initial loading sequence 
with a confining pressure of 103.4kPa and a vertical stress of 103.4kPa as per the standard. The initial 
sequence is to ensure to proper seating the material before testing is begun. The remainder of the 
testing cycle consist of 15 load sequences as per the standard. The load for each sequence is a 
haversine load pulse with a 0.1 second duration and a 0.9 second rest period. In total 100 cycles are 
performed per sequence with the final 5 cycle utilized to determine the resilient modulus. 
For the purpose of the present research the RAP material was prepared at OMC-2%, OMC-1%, 
OMC, OMC+1% and OMC+2%. For the virgin aggregate material the was prepared at OMC-2%, 
OMC-1%, OMC, OMC+1%. Finally for the 50/50 material samples were prepared at OMC-2%, 
OMC-1%, OMC, OMC+1%. 
4 Testing Results and Analysis 
Influence of moisture content on Mr is shown below in Figures 3 through 5.  The three materials 
resilient modulus were plotted in relation to the state of the confining pressure, in order to reflect the 
influence of the stress state on the Mr values. A power line (Mr = K1*(σ3)K2 was utilized to represent 
the data concerning the relationship between the confining pressure and the Mr, keeping in mind the 
increased axial loading cycles during the testing procedures. Figure 6 is an example of the influence of 
the deviatoric (axial) stress exert on the material in relations to confining pressure. While Table 2 
illustrates the coefficient of variation (COV) of the various materials at OMC and a confining pressure 
(σ3) of  137kPa, where the COV  = standard deviation / average *100. 
Figure 3 shows the virgin aggregate material and it can be clearly seen the moisture content has 
limited effect in relation to the increased confining pressure (σ3). The influence of moisture content is 
more visible for the pure RAP material in Figure 4, where under increasing confining pressure there is 
obvious divergence as the confining pressure increases for the various moisture conditions. This 
would seem to indicate that as the moisture content increases (OMC +2) the pure RAP material 
becomes  saturated and the Mr is greatly affected by increased moisture.  The 50/50 material shown in 
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Figure 5 appears similar to the virgin aggregate material in regards to the achieved Mr and the effect 
of moisture on the material in relation to the confining pressure (σ3). 
 
 
Figure 3: Effect of moisture - Virgin Aggregate 
 
Figure 4: Effect of moisture - RAP 
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Figure 5:  Effect of moisture - 50/50 RAP-Aggregate 
 
Figure 6: RAP at OMC Effect of deviator stress 
  OMC (Mr - k)  COV OMC -2 (Mr - kPa) COV 
 σ3 (137.9 kPa) Virgin Aggregate 169930 23.3 177550 32.1 
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 50/50 RAP-Aggregate 201000 20,8 163100 34.7 
 σ3 (68.9 kPa) Virgin Aggregate 121790 35.0 119150 37.1 
 RAP 156220 21.4 172350 21.9 
 50/50 RAP-Aggregate 134550 28.7 100830 37.3 
Table 2 Mr - Moisture - confining pressure σ3 
Results shown in Figures 3-6 indicate that the RAP material's resilient modulus values were slightly 
higher at OMC for all confining pressures when compared to the virgin aggregate and when compared 
to the 50/50 mixtures the RAP mixture at OMC, the resilient modulus values at increased (>68.9kPA 
σ3) confining pressures were equivalent. However for the same circumstances (confining pressure 
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>68.9kPA σ3) at OMC-2 the 50/50 materials exhibited an approximate 25% reduction in modulus 
values, indicating reduced strength at increased confining pressures for the 50/50 material. This 
behavior should be further investigated to determine the potential cause. The RAP material exhibited 
the greatest modulus values at OMC-2 and the largest confining pressure of 137.9kPa, reaching values 
exceeding 300MPa. The COV of the RAP material was lowest at increased confining pressures and 
was consistently lower than the virgin aggregate indicating more consistent modulus values. Figure 6 
illustrates this at increased confining pressures the increased modulus is derived nearly exclusively 
from the increase deviator (axial) stress applied to the material.  Though not fully investigated in the 
current paper the materials should also be further investigated at value exceeding OMC. The RAP 
material was tested at OMC+2 and exhibited reduced values, these need to be further investigated. 
5 Discussion and Conclusions 
The present study examined the effect of moisture on the resilient modulus of base layer materials 
containing RAP and a direct comparison to a virgin aggregate. The examined pure RAP material's 
resilient modulus values were slightly higher at OMC for all confining pressures when compared to 
the virgin aggregate. The RAP material exhibited reduced modulus values at OMC +2, indicating it 
was susceptible to increased moisture, however this needs to be compared to the other materials at 
OMC +2 in a future research study. In addition the RAP material at OMC -2 exhibited increased 
strength with increasing confining pressure perhaps indicating an increase aggregate interlock as the 
material became more densely confined. For the current research the investigated RAP material 
exhibits modulus values that are equivalent or  exceed those  of a virgin aggregate utilized for base 
material at OMC and below. This results encourages the further investigation of the material for 
utilization as a base layer material. 
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